We performed a Raman scattering study of thin films of LiTi 2 O 4 spinel oxide superconductor. We detected four out of five Raman active modes, with frequencies in good accordance with our first-principles calculations. Three T 2g modes show a Fano lineshape from 5 K to 295 K, which suggests an electron-phonon coupling in LiTi 2 O 4 . Interestingly, the electron-phonon coupling shows an anomaly across the negative to positive magnetoresistance transition at 50 K, which may be due to the onset of other competing orders. The strength of the electron-phonon interaction estimated from the Allen's formula and the observed lineshape parameters suggest that the three T 2g modes at 0 momentum are not sufficient to drive superconductivity. DOI: 10.1103/PhysRevB.96.094501 Because of their complexity of charge, magnetic, and orbital degrees of freedom, transition-metal spinels have been studied intensely for many years [1] . As the only oxide superconductor with spinel structure, LiTi 2 O 4 has aroused many researches since the discovery of its superconductivity [2] . This compound was initially compared to cuprates because both materials are transition-metal oxides, although the superconducting transition temperature T c ≈ 12 K of LiTi 2 O 4 is not very high [3, 4] . Unlike cuprates, both transport and spectroscopy results indicate that LiTi 2 O 4 is a typical fully gapped type-II BCS superconductor [5] [6] [7] . Later, with the development of lithium-ion batteries, Li 1+x Ti 2−x O 4 (0 x 1 3 ) was studied intensively as an alternative electrode material [8] [9] [10] [11] .
Because of their complexity of charge, magnetic, and orbital degrees of freedom, transition-metal spinels have been studied intensely for many years [1] . As the only oxide superconductor with spinel structure, LiTi 2 O 4 has aroused many researches since the discovery of its superconductivity [2] . This compound was initially compared to cuprates because both materials are transition-metal oxides, although the superconducting transition temperature T c ≈ 12 K of LiTi 2 O 4 is not very high [3, 4] . Unlike cuprates, both transport and spectroscopy results indicate that LiTi 2 O 4 is a typical fully gapped type-II BCS superconductor [5] [6] [7] . Later, with the development of lithium-ion batteries, Li 1+x Ti 2−x O 4 (0 x 1 3 ) was studied intensively as an alternative electrode material [8] [9] [10] [11] .
Interest in LiTi 2 O 4 was refreshed recently with the report of anomalous magnetoresistance at 50 K [12] , which suggests that spin-orbital fluctuations play an important role in LiTi 2 O 4 . Bosonic modes were also observed in tunneling spectra, reinforcing the assumption for an important electron-boson coupling [13] . Although several works in the literature report the lattice dynamics of LiTi 2 O 4 , both theoretically and experimentally [14] [15] [16] [17] [18] [19] , there are significant discrepancies among the various studies. Moreover, direct phonon measurements for coupling analysis have been limited because of the poor availability of single crystals [20] .
In order to clarify the vibration modes and investigate the strength of the electron-phonon coupling, especially considering that previous Raman works were done on polycrystalline samples [14] , here we report a Raman scattering study of LiTi 2 O 4 single-crystalline films supported by first-principles calculations. We detect four out of five Raman active modes, with frequencies in good accordance with our first-principles calculations. A Fano line shape was observed for the three T 2g modes from 295 K to 5 K, which suggests a sizable electron-phonon coupling in LiTi 2 O 4 . The electron-phonon coupling shows an anomaly around 50 K, where a negative to positive magnetoresistance occurs [12] . The onset of other * p.richard@iphy.ac.cn † dingh@iphy.ac.cn orders below 50 K, like orbital-related states, may quench the electron-phonon coupling, resulting in its fluctuation. Allen's formula was used to estimate the strength of the electronphonon interaction from the observed lineshape parameters. Although they have asymmetric line shapes, the three T 2g modes at zero momentum have small contributions to the superconductivity, with an average electron-phonon coupling constant λ = 0.074.
The LiTi 2 O 4 films used in our Raman study were grown on MgAl 2 O 4 (001) substrates by pulsed laser deposition. Films with thickness ≈200 nm have been characterized to be single crystalline and in a pure phase [21] . Their spinel structure is illustrated in Fig. 1(a) . The electrical resistance of the films presented in Fig. 1(b) shows a sharp superconducting transition at T c ≈ 11.3 K. To avoid Li vacancies induced by contact to water in air [20, 22] , the films were measured in a ST500 (Janis) cryostat with a working vacuum better than 2 × 10 −6 mbar. A long-focus distance 20× objective was used for backscattering micro-Raman measurements between 5 and 295 K. Low power 488.0 nm and 514.5 nm excitations from an Ar-Kr ion laser were used as incident light. The scattering light was analyzed by a Horiba Jobin Yvon T64000 spectrometer equipped with a nitrogen-cooled CCD camera. The confocal design of this spectrometer allows us to measure the signal from both films and substrates. Substrates without films were also measured as reference. As shown in Fig. 1(a) , we define x, y, and z as the directions along the unit cell axes. Raman spectra have been recorded under the (ê iês ) = (xx), (yy) and (xy) polarization configurations.
Space group F d3m (point group O h ) characterizes the crystal structure of LiTi 2 O 4 [20] , which is presented in Fig. 1(a) . A single unit cell contains two chemical formula units, for a total of 14 atoms. A simple group symmetry analysis [23] indicates that the phonon modes at the Brillouin zone (BZ) center decompose into [T 1u 
, where the first, second, third, and fourth terms represent the acoustic modes, the infrared-active modes, the Raman-active modes, and the silent modes, respectively. To get estimates on the phonon frequencies, we performed first-principles calculations of the phonon modes at in the framework of the density functional perturbation theory (DFPT) [24] without considering spinorbit coupling. We adopted the fully-relaxed lattice parameters a = b = c = 8.4Å, and the Wyckoff positions (Li 8a, Ti 16d, and O 32e) from experimental data [13] . For all calculations, we used the Vienna ab initio simulation package (VASP) [25] with the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof for the exchange-correlation functions [26] . The projector augmented wave (PAW) method [27] was employed to describe the electron-ion interactions. A plane wave cutoff energy of 500 eV was used with a uniform 6 × 6 × 6 Monkhorst-Pack k-point mesh for a 2 × 2 × 2 supercell. The real-space force constants of the supercell were calculated using DFPT [28] and the phonon frequencies were calculated from the force constants using the PHONOPY code [29] . The calculated optic mode frequencies, their symmetries and optical activities, as well as the main atoms involved, are given in Table I . Compared to previous calculation results with different methods, our results are more consistent with the experimental values.
In Fig. 2 [30] [31] [32] [33] [34] . In addition to these peaks from the substrate, we observe four out of five Raman active modes predicted for LiTi 2 O 4 . The Raman tensors corresponding to the O h symmetry group are expressed in the xyz coordinates as: According to the polarization selection rules, the peaks appearing both under (xx) and (yy) polarization configurations could be either A 1g or E g modes, while the peaks appearing only under (xy) polarization configuration should be T 2g modes. It is straightforward to assign the three peaks at 342.2 cm −1 , 433.3 cm −1 , and 495.2 cm −1 to T 2g modes, which are detected only under (xy) polarization configuration. As for the peak at 625.4 cm −1 detected under (xx) polarization configuration, comparison with our calculation results suggests a A 1g mode. The missing E g mode predicted at 366.0 cm −1 may have too weak scattered intensity to be detected. Since its energy is close to one of the bosonic modes around 40 meV observed in tunneling spectra [13] , it is possible that strong coupling reduces its lifetime. Apart from the phonon peaks, we observe a big hump at 1200 cm −1 under 488.0 nm laser excitation in both the substrate and the LiTi 2 O 4 thin film. Under 514.5 nm laser excitation, the hump shifts to 200 cm −1 . The humps correspond to the same transition at 520 nm (2.38 eV) that we assign to luminescence from the substrate.
We notice that the three T 2g modes of LiTi 2 O 4 have quite asymmetric line shapes, which implies a Fano resonance. The Fano resonance is a quantum interference between a discrete state and a continuum [35] . For Raman scattering, the spectrum of the phonon mode will present an asymmetric Fano line shape if there is an electronic-phonon coupling [36] . To further study the role of the electronic-phonon coupling in LiTi 2 O 4 , we analyzed the temperature dependence of the Raman spectra of the three T 2g modes with Fano functions. As shown in Fig. 3(a) , the Raman spectra can be well fitted by the equation:
where A i is the amplitude, ω i is the resonance energy (renormalized in the presence of the coupling), i is the linewidth (full width at half maximum), and q i is the asymmetric parameter for the ith T 2g mode. The factor |1/q| is often used to estimate the electron-phonon coupling strength [37] [38] [39] [40] [41] .
The larger |1/q|, the stronger the coupling. The fitting results including the renormalized phonon energies, the linewidths, and the Fano asymmetry parameters q are displayed in Figs. 3(b) and 3(c) . All three T 2g modes have higher energies and narrow linewidths upon cooling. Interestingly, there are possible anomalies around 50 K for the asymmetry parameters. This would indicate that the electron-phonon coupling strength varies. We note that a magnetoresistivity transition from negative to positive is reported as temperature is decreased below 50 K, which suggests the presence of an orbital-related state [12] . This onset of orbital order may quench the electron-phonon coupling by modifying the electron density of states, inducing the abnormal behavior of |1/q|. We now follow a standard method to estimate the electronphonon coupling strength associated to a particular mode i using the Allen's formula [42] [43] [44] [45] [46] :
where λ i is the dimensionless electron-phonon coupling constant for mode i, g i is the mode degeneracy, N f is the electronic density of states at the Fermi surface, ω i is the mode energy, and γ i is the linewidth. As an approximation at 5 K with g i = 3 and N f = 13.44/eV unit cell [12] , we get λ 1 = 0.089 for the T 2g (1) mode with ω 1 = 348.9 cm −1 , γ 1 = 9.4 cm −1 , λ 2 = 0.063 for the T 2g (2) mode with ω 2 = 442.2 cm −1 , γ 2 = 10.8 cm −1 , and λ 3 = 0.071 for the T 2g (3) mode with ω 3 = 503.7 cm −1 , γ 3 = 15.8 cm −1 . The electron-phonon coupling constants for the three T 2g modes, evaluated at zero momentum, are rather small with an average λ = 0.074 compared to the reported λ ∼ 0.65 [5] . However, we caution that a more accurate evaluation of the electron-phonon coupling constant would necessitate complete consideration of the contribution from all phonon modes across the entire first Brillouin zone. The Fano lineshape exists through the whole temperature range, which means that an electron-phonon coupling exists in this material and not only below T c . The λ calculated below T c suggests the contribution of these modes with Fano lineshapes (at zero momentum) is insufficient to drive superconductivity alone. The anomaly in |1/q| at 50 K suggests that another order is emerging. Considering that the Ti atoms exists in a mixed-valence state [47] and previous reports suggesting that LiTi 2 O 4 is a correlated d-electron metal [20] , it is possible that the emerging order has a relation with superconductivity, which makes LiTi 2 O 4 special among the spinels.
In summary, we reported a polarized Raman scattering study of the only oxide spinel superconductor, LiTi 2 frequencies in good accordance with our first-principles calculations. A Fano line shape was observed for the three T 2g modes from 295 K to 5 K, which suggests that electronphonon coupling is important in LiTi 2 O 4 . The electron-phonon coupling shows an anomaly around 50 K, where the negative to positive magnetoresistance occurs [12] . The onset of other orders below 50 K, like orbital-related states, may influence the electron-phonon coupling, resulting in this anomaly. Allen's formula was used to estimate the strength of electron-phonon interaction from the observed lineshape parameters. Although they have electron-phonon coupling, the three T 2g modes contribute little to the superconductivity.
